JSTOR is a not-for-profit service that helps scholars, researchers, and students discover, use, and build upon a wide range of content in a trusted digital archive. We use information technology and tools to increase productivity and facilitate new forms of scholarship. For more information about JSTOR, please contact support@jstor.org. abstract: Trade-offs in resource allocation have been widely stated as the means by which the honesty of ornamental traits is maintained, but an alternative to this resource trade-off hypothesis is that production of ornamentation is linked to the biochemical efficiency of vital cellular processes. Carotenoids are antioxidants, potentially tying carotenoid-based coloration to the oxidative state of an organism, and some carotenoids are also precursors for vitamin A, which regulates numerous cellular processes. We present a biochemical model for regulation of ornamental coloration based on interdependencies of carotenoid and retinoid biochemistry. We propose that vitamin A regulatory mechanisms, redox systems, and carotenoid pigmentation pathways link carotenoid coloration to oxidative state and to a host of important aspects of performance, such as immune function. The activity of b-carotene ketolase, which catalyzes the oxidation of yellow carotenoids into red carotenoids, is responsive to the states of vitamin A pools and redox systems such that coloration is a direct reflection of the physiological state of an animal. According to the vitamin Aredox hypothesis, feather coloration is associated with a range of performance measures because performance emerges from functionality of the same basic cellular processes that regulate pigmentation. We present the vitamin A-redox hypothesis as a testable alternative hypothesis to the resource trade-off hypothesis for the maintenance of honesty of carotenoid pigmentation.
Introduction
The indicator model of sexual selection proposes that individuals in better condition have greater expression of showy traits such as bold colors, elaborate songs, or long tails than individuals in lower condition (Zahavi 1977; Hamilton and Zuk 1982; Kodric-Brown and Brown 1984) . According to this theory, ornamental traits are used in choosing mates and assessing rivals because the higher condition that is associated with bigger, more elaborate, and more brilliant ornaments is indicative of better performance (Hamilton and Zuk 1982; Andersson 1986 ). These concepts of condition and honest signaling lie at the heart of sexual selection theory, but for most traits in most animals there is no unambiguous and comprehensive definition of condition and no clear mechanisms to link ornament expression to performance (Hill 2011) .
Until recently, the most widely cited definition of condition in the evolutionary and physiological ecology literatures was "the pool from which resources are allocated" (Rowe and Houle 1996) . This definition of condition is the foundation of the resource trade-off hypothesis, which proposes that individuals trade off allocation of energy or other limiting resources such as pigment molecules between body maintenance and ornament production such that only males with large resource reserves can both maintain body function and produce elaborate ornamentation. More recently, condition was defined as the capacity to maintain vital cellular processes such that ornamentation links to performance via shared pathways regulated by condition (shared pathway hypothesis; Hill 2011) . Because most aspects of performance that are associated with ornament expression-immunocompetence, oxidative state, energy balance, muscular or neural performance, and so on-are the result of processes that occur at the cellular level, ornamental traits as signals of cellular processes is an intuitively appealing idea. For most ornaments, however, too little is known about the biochemical processes that affect production for the shared pathway hypothesis to be evaluated (Metcalfe and Alonso-Alvarez 2010) .
Here we provide a hypothesis for the cellular pathways that link carotenoid coloration to individual condition and performance. Carotenoid coloration is one of the beststudied ornamental traits, and it is widely proposed to be condition dependent in a range of vertebrate taxa (Hill 2006; Lopez et al. 2009 ). Carotenoid pigments produce brilliant yellow, orange, and red coloration in the skin, bills, eyes, and feathers of animals (Fox 1976) , which are among the most striking visual displays in nature. Unlike other pigments used as animal colorants, carotenoids can- A generalized schematic representing the functional links between carotenoid ornamentation and the basic cellular processes that underlie the vitamin A-redox hypothesis. Uptake of carotenoids and retinoids is closely regulated to maintain a homeostatic vitamin A and redox state within the organism. Redox and vitamin A systems, which can be affected by a wide range of environmental perturbations from disease to toxins, in turn dictate the efficiency of the critical biochemical processes in the mitochondria, the regulation of a myriad of genetically controlled processes through the signaling molecular all-trans retinoic acid, and the pathways needed to produce ornamental carotenoid pigmentation. It is the interdependencies of vitamin A and carotenoid pathways that link carotenoid coloration to cellular redox homeostasis and functionality of physiological systems. There is potential for resource limitation and allocation trade-offs involving carotenoids and vitamin A to play a role in determining signal honesty, but the intimate links between coloration and vital cellular processes mean that carotenoids can honestly signal individual condition without the need for resource trade-offs. not be synthesized de novo by animals and so must be acquired through the diet (Goodwin 1984) . Although no vertebrate can synthesize carotenoid pigments, some vertebrates endogenously convert yellow dietary carotenoids into red keto-carotenoids. For most species of vertebrates, including all songbirds, the primary carotenoid pigments available in the diet are yellow; red carotenoid pigments are produced through the oxidation of yellow pigments (McGraw 2006) . Some dietary carotenoids, most importantly b-carotene and b-cryptoxanthin, also serve as precursors for vitamin A (retinol), and carotenoid cleavage is an important source of vitamin A for vertebrates (von Lintig 2010) .
Birds are among the most colorful class of vertebrates, and a large literature has developed demonstrating that environmental circumstances during feather growth including access to carotenoid pigments (Hill 1992; McGraw et al. 2006) , nutrition (Hill 2000; Hill et al. 2009 ) and exposure to parasites (Thompson et al. 1997; Hill et al. 2004 ) can alter feather pigmentation. Moreover, experimental studies have found complex interactions between carotenoid supplementation, pathogen exposure, immuno-stimulation, hormone levels, oxidative state, and skin or feather coloration (Peters 2007 ; Alonso- Alvarez et al. 2008; Peters et al. 2011 ). The overall pattern that emerges from these studies is that carotenoid pigmentation is somehow associated with fundamental redox pathways and the immune system, but the mechanisms for such links remain poorly understood Svensson and Wong 2011) .
The Vitamin A-Redox Hypothesis
As a means to explore the mechanisms for honest signaling via carotenoid coloration, we present a hypothesis of the cellular pathways for carotenoid pigments in vertebrates as they fulfill roles as colorants, antioxidants, and vitamin A precursors ( fig. 1 ). We propose that it is the interdependencies of these basic cellular processes-and particularly the heretofore unappreciated importance of b-carotene and b-cryptoxanthin as vitamin A precursors and the role of vitamin A in modulating cellular processesthat link carotenoid coloration to oxidative state and to a host of important aspects of individual performance such as immune function, vision, growth, lipogenesis, glycolysis, and energy homeostasis. By this model, the information content of carotenoid coloration derives primarily from these shared pathways. We present the vitamin A-redox hypothesis ( fig. 1 ) as a testable alternative to the resource trade-off hypothesis as an explanation for the maintenance of honest signaling via carotenoid coloration, although the vitamin A-redox hypothesis and the resource trade-off hypothesis are not necessarily mutually exclusive. Each might correctly describe the same ornament system in different contexts. Our goal is to stimulate new thinking regarding the links between carotenoid pigmentation and condition and to advocate the inclusion of more detailed biochemical pathways in hypotheses for the mechanisms of honest signaling. In this way, we present our model as a starting point for future tests of the signal content of carotenoid-based coloration in animals and how and why such color signals evolved and are maintained.
Vitamin A and Carotenoids
Because the biochemistry of vitamin A, carotenoids, and related molecules is likely unfamiliar to many biologists interested in animal ornamentation, we begin with a basic overview of the chemistry these classes of molecules ( fig.  2 ).
Basic Biochemistry of Carotenoids
Carotenoids play important biochemical roles in all animals and must be acquired in the diet because they cannot be synthesized de novo (Goodwin 1984) . Carotenoids in the tissues of animals are characterized by alternating double bonds that extend across a carbon backbone consisting of eight individual isoprene units. The majority of dietary carotenoids have six-carbon end-rings (known as ionone rings) with one double bond per ring. If the double bond is in the C5-C6 position, the end ring is considered a bionone ring; if the double bond is in the C4-C5 position, the end ring is considered an -ionone ring. Chemically, these end rings behave differently and are generally, but not always, acted upon by specialized b-and -iononespecific enzymes ( fig. 2) .
The alternating, conjugated double bonds that span carotenoids from one end ring to the other lower the overall energy of electrons, giving carotenoids their chemical and physical properties. Low-energy electrons make carotenoids sensitive to visible light, hence their prolific occurrence in and around the photosystems of plants, algae, and bacteria. Carotenoids actively interact with radicals in the membranes in which they reside undergoing both electron abstraction and electron transfer reactions Truscott 2001; Liu et al. 2008; Böhm et al. 2011) . The most fundamental radical reaction carried out by carotenoids involves the one-electron reduction of a radical thereby quenching the latter and creating a positively charged carotenoid radical (CAR•ϩ). Whether these reactions are antioxidant or pro-oxidant depends on the redox potential of the partner with which the carotenoid radical interacts (Böhm et al. 2011) . Vitamin A, with only one-half the conjugated electrons of carotenoids, is also capable of quenching radicals and thereby may also serve as an antiradical partner in membranes (Livrea and Tesoriere 1998; Palace 1999) .
The molecular structure and charge of carotenoids determines how they interact with reactive oxygen species (ROS). Carotenes such as b-carotene, which have no functional groups, are highly reduced compared to carotenoids with ketone and hydroxyl functional groups such as astaxanthin. Carotenes serve as free radical scavengers within the lipid bilayer and typically function as antioxidants, but they may turn pro-oxidant with increasing oxygen levels or changes in local redox conditions Truscott 2001) . Astaxanthin, in contrast, sits nearly perpendicular within the bilayer, permitting it to interact with the cytosol on both sides of the membrane. This orientation makes oxidized carotenoids such as astaxanthin more readily accessible to cytosoltic antioxidants such as ascorbate and glutathione (Truscott 2001) . Within the bilipid membrane, astaxanthin may also interact with a-tocopherol and ubiquinone (Edge et al. 1988; Böhm et al. 1997) . Astaxanthin is also capable of directly oxidizing superoxide, a property shared only with ubiquinone (Martínez et al. 2008; Galano et al. 2009 ). In general, the superoxide-quenching capability of carotenoids correlates with the redness (Martínez et al. 2008; Galano et al. 2009 ).
Basic Biochemistry of Retinoids
Retinoids are a class of apocarotenoids that include retinol, otherwise known as "vitamin A," and other similar molecules that do not have vitamin A activity, such as retinal, retinoic acid, and retinyl esters ( fig. 2 ). Retinoids also includes a host of synthetic molecules that show bioactive retinoid behavior in vivo. Hereafter we will use "retinoid" to refer to natural apocarotenoids.
Vitamin A, like carotenoids, is lipophilic (hydrophobic) and has antioxidant properties with physiological consequences (Monaghan and Schmitt 1932; Ciaccio et al. 1993; Tesoriere et al. 1993; Palace et al. 1999 ). Vitamin A is also susceptible to auto-oxidation in the presence of oxygen, leading to products that can be especially detrimental to the cell and most importantly to mitochondria (Olson 1990; Murata and Kawanishi 2000; Krinsky and Johnson 2005; Gelain and Moreira 2008; Pasquali et al. 2008 Pasquali et al. , 2009a Pasquali et al. , 2009b Pasquali et al. , 2010 . If excessive vitamin A is consumed in the diet, which is rare in wild animals, hypervitaminosis A toxicity may develop (Klamt et al. 2003a (Klamt et al. , 2003b Senoo et al. 2010) . The key point is that too much vitamin A can be as damaging to cellular processes as too little.
Because vitamin A and related retinoids are lipophilic The principal pathways linking retinoids and pro-vitamin A carotenoids. If one or both of the b-ionone rings of the carotenoid (1) is unmodified, it can serve as a precursor for the production of retinal, which can be directly converted to retinol and stored as retinyl esters. Retinol can serve in a host of physiologically supportive roles and is the precursor of all-trans-retinoic acid, a prolific and critical modulating ligand of gene transcription. The production of retinal following symmetric pro-vitamin A carotenoid cleavage (2) by BCMO1 may be directly converted to all-trans-retinoic acid (3) or to vitamin A (retinol) (4). The latter can then be esterified for storage (5) by lecithin:retinol acyltransferase (LRAT) and released from storage by retinol ester hydrolase (REH). The mitochondrial signalosome (6) provides redox support for maintaining mitochondrial membrane potential and stimulation of the Krebs cycle using vitamin A as cofactor (Hoyos et al. 2012) . Vitamin A can also be converted to all-trans-13,14-dihydroxyretinol (9), anhydroretinol (7), and 14-hydroxy-retroretinol (8), which control cell proliferation (Moise et al. 2007) . Anhydroretinol has been implicated as an antagonist to retinol in the control of mitochondria redox potential. In addition, vitamin A can be saturated by retinol saturase (10) producing all-trans-13,14-dihydroxyretinol, which may serve as precursor to other retinoids or as a sink for retinoids (Moise et al. 2004) . Retinal is converted in an irreversible step to all-trans-retinoic acid (3), the principle regulating ligand of retinoic acid receptor and retinoic X receptor nuclear receptors. Another retinol, 9-cis-retinol (not shown), is limited to expression in the b cells of the pancreas and may originate biosynthetically from the absorption of 9-cis-b-carotene, while 9,13-di-cis-retinoic acid (12) remains uncharacterized. Not shown is 11-cis-retinal, which serves as a photoreceptor chromophore in the vision cycle. Finally all-trans retinoic acid is biologically deactivated by p450 CYP26 (13) and excreted following glucuronidation by UDP-glucuronosyltransferase (UGT) after which the metabolites pass through the bile for excretion.
as well as susceptible to oxidation, they are transported by small carrier proteins within cells (Sun 2012) . These small carrier proteins include cellular retinol binding proteins (CRBPI, CRBPII, and CRPBIII) and cellular retinoic acid binding proteins (CRABPI, CRABPII, and CRABPIII), all members of the fatty acid binding protein superfamily of lipophilic carriers (Selvaraj et al. 2008) . These proteins facilitate intracellular trafficking of retenoids, and they protect bound retinoids during storage and transport by providing a protective protein shell in which they reside. Retinol transport by the various isoforms of CRBP is a highly regulated process and is critical to vitamin A homeostasis (Senoo et al. 2010) . Generally, retinoid carrier proteins exceed in concentration the level of unesterified retinoids within the cell in order to protect both the cell and the retinoid from spurious reactions but also to increase the controlled flux of these active signaling molecules between sites of action. Vitamin A is stored in hepatic stellate or extrahepatic oil droplets after being esterified by lecithin:acyl retinol transferase to fatty acids such as palmitate, stearate, or linoleic ( fig. 2 ; Moise et al. 2007; Senoo 2007; Senoo et al. 2010 ). Vitamin A is the principal parent compound of bioactive retinoids such as all-trans-retinoic acid ( fig. 2 ), which serve primarily as transcriptional ligands controlling and modulating gene expression (D'Ambrosio et al. 2011 ). Alltrans-retinoic acid is largely responsible for the regulation of its own sequestration, production, and destruction, indicating the strict control of this bioactive signaling molecule (Napoli 2012 ). In addition to vitamin A's primary role as a DNA transcriptional regulator, a growing body of evidence now supports nongenomic roles for vitamin A (Gelain et al. 2006; Acin-Pérez et al. 2010a , 2010b Berry et al. 2011) . The majority of these nongenomic processes remain to be proven physiologically, although growing evidence indicates that vitamin A may play significant roles as antioxidants and modulators of electron transport in mitochondria; for instance, cytochrome c and vitamin A may form a functional complex known as a signalosome (Acin-Pérez et al. 2010a; Hoyos et al. 2012;  fig. 2 ). Additional nongenomic roles have been characterized as physiologically important, for example in post-translational modification of proteins (retinylation of proteins having significant effects on protein-lipid interactions; Takahashi and Breitman 1994; Tucci et al. 2008; Senatore et al. 2010 ), mitochondrial energy and redox homeostasis (Chiu et al. 2008) , and as a plasma-circulating signaling complex bound to retinol binding protein 4 regulating energy homeostasis and insulin levels in target tissues (Berry et al. 2011; Berry and Noy 2012) .
Sources of Vitamin A
Vitamin A is an essential micronutrient. It can be sequestered directly from the diet, and dietary retinol is encountered primarily in the form of retinyl esters that are hydrolyzed by intestinal brush-border esterases. Retinol is then transported into the enterocyte where it is re-esterified with palmitic or stearic acid for transport to developing chylomicrons or stored locally within retinyl esters oil droplets (Sun 1997; Napoli 2012) .
Alternatively, vitamin A can be synthesized de novo from the symmetrical cleavage (cleaved at the 15,15 position) of b-carotene or other pro-vitamin A carotenoids by b,b-carotene-15,15 -carotenoid oxygenase (BCMO1), an enzyme found predominately active within hepatic stellate cells (Amengual et al. 2011a;  fig. 2 ). An alternative pathway for vitamin A synthesis, currently considered a minor pathway, is the asymmetric cleavage of b-carotene by b, b-carotene-9 ,10 -oxygenase (BCO2). In the BCO2 pathway, b-carotene (or other pro-vitamin A carotenoid) is cleaved asymmetrically into b-ionone (a C12 fragment) and b-10 -apocarotenal (C28). b-10 -apocartonal can be oxidized and trimmed in the b-oxidation cycle of mito-chondria to yield retinal and subsequently vitamin A ( fig.  2 ). Currently there is little to support the idea that this latter pathway is biologically significant for production of vitamin A (Amengual et al. 2011a) .
Dietary carotenoids that are assimilated for use as animal colorants or precursors to animal colorants fall into two classes. The first class contains pro-vitamin A carotenoids, which include the dietary carotenoids b-carotene, b-cryptoxanthin, and a-carotene ( fig. 2 ). All pro-vitamin A carotenoids have at least one unmodified b-ionone endring, a substrate recognition feature for cleavage by BCMO1. b-cryptoxanthin, for example, has only one hydroxylated b-ionone end-ring, so it can be cleaved to produce one molecule of vitamin A. The second class of carotenoids, called xanthophylls, have both end-rings oxygenated and cannot serve as vitamin A precursors ( fig.  2 ). Lutein and zeaxanthin are the most common xanthophylls with no pro-vitamin A activity in the diets of most vertebrates. Pro-vitamin A carotenoids are a major source of vitamin A in many vertebrates (Packer et al. 2005) , although the relative importance of dietary carotenoids versus dietary retinoids as sources of vitamin A is unknown for any wild animal.
Physiology of Vitamin A
Vitamin A plays a key role in a dazzling array of basic life processes. Vitamin A is best known for its role in the visual cycle (Wald 1968; Rando 1990; Peterson et al. 2005 ) and as a transcriptional activator binding to retinoic acid response element in the promoter regions of genes. Vitamin A has been found to participate in embryonic development (Johnson and Scadding 1991; Cupp et al. 1999) , postnatal growth (Antipatis et al. 2000; Sun et al. 2006) , spermatogenesis (Hogarth and Griswold 2010) , testosterone synthesis and release (Chaudhary et al. 1989; Tucci et al. 2008; Munetsuna et al. 2009 ), mitochondrial thermogenic and redox uncoupling and mitochondrial complex I and II redox homeostasis (Alvarez et al. 1995; Barber et al. 2000; Estornell et al. 2000; Korichneva et al. 2003; Ballinger 2005) , energy homeostasis (Chiu et al. 2008; Acin-Pérez et al. 2010b) , immunity (Mora et al. 2008; Mullin 2011) , glycolysis (Hoyos et al. 2000; Yang et al. 2005; Acin-Pérez et al. 2010a ), intracellular signaling (Buck et al. 1991) , adipogenesis and lipogenesis (Amengual et al. 2011a; Reichert et al. 2011; Yasmeen et al. 2012) , insulin regulation (Driscoll et al. 1997; Berry et al. 2011) , modulation of the receptor for advanced glycation end products (Gelain et al 2011), apoptosis Livingston and Klasing 2008) , cell differentiation (Wu and Zhao 1993; Park et al. 1997) , cell proliferation (Naves et al. 2001 ), regulation of ATP-binding cassette transporters (ABCA1; Costet et al. 2003) , B lymphocyte activation (Ertesvag et al. 2007; Maruya et al. 2011 ), T-cell activation (Iwata et al. 2003; Li and Li 2007) , triglyceride and cholesterol metabolism (Standeven et al. 1996; Wuttge et al. 2001) , and stimulation of the microbial commensal immunity (Hall 2010) . All of these processes are integrally associated with the control of core homeostatic redox processes, many of which have been implicated in redox-based diseases.
Vitamin A and Redox Regulation
Vitamin A has recently been shown to play a significant physiological role in redox homeostasis. Vitamin A deficiency in laboratory rats led to increases in oxidative damage to mitochondria, although the underlying cause could not be assigned to transcriptional activity or known antioxidant properties of vitamin A Estornell et al. 2000) . It was recently discovered that vitamin A plasma concentrations in vivo (1-2 mM) are necessary for the coactivation of protein kinase C-d (PKCd) serving as a signal transducer upstream of the pyruvate dehydrogenase complex within the mitochondria matrix (AcinPerez et al. 2010a; Hoyos et al. 2012) . It was proposed that retinol directly participates in electron transfer between cytochrome c and PKCd, thereby implicating vitamin A as a cofactor in the homeostatic control of the redox state of mitochondria, modulating the flux of acetyl CoA into the Krebs cycle. Conflicting results have been presented by other researchers (see Hoyos et al. 2012 ) regarding the proposed pathway of the PKCd cascade (it would require, e.g., a yet-undiscovered phosphatase), but the stimulatory effects of vitamin A as a cofactor in the redox activation of PKC-g resulting in increased acetylCoA flux into the Krebs cycle appear well founded (AcinPerez et al. 2010b; Hoyos 2000 Hoyos , 2012 . Recently Berry and Noy (2012) uncovered a signaling role for vitamin A, whereby it triggers hormone-like responses on the surface of vascular endothelia cells. These and other recent findings have shed new light on potential core regulatory roles of vitamin A in energy homeostasis (Chen et al. 1999; Korichneva et al. 2003; Chiu et al. 2008; Hoyos et al. 2012) .
Retinol is the precursor for all-trans-retinoic acid that regulates DNA transcriptional activity of more then 500 genes, many of which are integral to core energetic pathways that maintain cellular redox equilibrium. All-transretinoic acid serves as a DNA transcriptional activator/ repressor in numerous fundamental processes (such as lipogenesis and adipogenesis) under strict redox control, either at the protein or DNA ligand receptor level (see Zolfaghari and Ross 2003; Schonfeld and Wojtczak 2008; Park et al. 2009 ). Retinoic acid signaling appears early in chordate evolution, at the vertebrate-invertebrate boundary, having a proposed link with hox gene expression (Marlétaz et al. 2006; Albalat 2009;  fig. 2 ). Other retinoids, such as 13,14-didehydroretinol, 14-hydroxy-retro-retinol, and anhydroretinol have bioactive roles independent of all-trans-retinoic acid (Moise et al. 2007; Chiu et al. 2008; fig. 2) .
In considering how carotenoids function in the bodies of vertebrates beyond their role as colorants, evolutionary and physiological ecologists have focused on the immunostimulatory and antioxidant properties of carotenoids (Cohen and McGraw 2009; Svensson and Wong 2011) . The role of provitamin A carotenoids as a primary dietary source for vitamin A has been almost completely overlooked by biologists studying ornamental coloration, but carotenoids, retinoids, and ROS are fundamentally interdependent within the bodies of vertebrates. Here we present a biochemical model in which we hypothesize that it is the connections and interdependencies between vitamin A systems, redox processes, and production of ornamental pigments that primarily link carotenoid coloration to performance. In our opinion, the signaling properties of carotenoids simply cannot be understood without due consideration of the physiological requirements for the acquisition, storage, and mobilization of vitamin A and its bioactive metabolites in controlling vital homeostatic redox states within the organism and in regulating carotenoid bioavailability and the transport of carotenoids to peripheral tissues. Our model focuses most specifically on animal species that display red ketolated carotenoids because in these animals the connections between carotenoid and retinoid systems are most pervasive. We do not, however, limit the hypothesis to red taxa. Species that use exclusively the non-pro-vitamin A carotenoids lutein and zeaxanthin and their metabolic derivatives in ornamentation are still subject to vitamin A regulation of carotenoid uptake, transport, and metabolism, as described below. The vitamin A-redox hypothesis potentially applies to all animals that have carotenoid-based color displays.
Our hypothesis is drawn primarily from studies on retinoid, carotenoid, and ROS pathways as they relate to vitamin A homeostasis and redox balance conducted on model organisms such as E. coli, Drosophila, Mus, and humans. This research was published primarily in the biochemical and biomedical literatures. A few studies came from the poultry literature. Except for the carotenoid content of food, plasma, and the integument (reviewed in McGraw 2006), virtually no studies of the mechanisms for pigmentation in songbirds or any vertebrate with ornamental carotenoid coloration have been undertaken. Many of the mechanisms by which carotenoids are taken up, transported, and deposited and many of the pathways that connect carotenoid biochemistry to redox pathways and vitamin A homeostasis are conserved across eumetazoans and certainly across vertebrates (Packer et al. 2005; Moise et al. 2007; von Lintig 2010) . Thus, the hypothesized pathways we present are in all cases physiologically and phylogenetically reasonable. Our vitamin A-redox hypothesis is meant to be a starting point for studies of vitamin A and carotenoid processes in birds and other ornamented vertebrates.
The Biochemical Basis for the Vitamin A-Redox Hypothesis
The heart of the vitamin A-redox hypothesis is interactions and interdependencies between the physiological processes in the uptake, transport, mobilization, and metabolism of retinoids and carotenoids, including both provitamin A carotenoid and non-pro-vitamin A carotenoids. Vitamin A reserves meet a constant and vital requirement within an organism for the regulation of genomic transcription through the action of specific retinoids that are products of vitamin A, most notably all-trans-retinoic acid ( fig. 2 ). Nongenomic roles of vitamin A also appear to be critical for cellular homeostasis, but this area of vitamin A biochemistry is in its infancy. Current work on the control of oxidative phosphorylation by vitamin A (Chiu et al. 2008; Acin-Perez et al. 2010; Hoyos et al. 2012) provides compelling evidence for nonclassical transcriptional regulation by vitamin A in cellular homeostasis.
The mobilization of vitamin A stores for the biosynthesis of all-trans-retinoic acid involves two dehydrogenation steps, both under the genetic control of all-transretinoic acid ( fig. 2 ; Napoli 2012). The first step is a reversible dehydrogenation converting retinol to retinal. The second step is a committed and irreversible oxidation to retinoic acid ( fig. 2) . CRBP-I, the vitamin A intracellular carrier protein, shuttles vitamin A to and from these early conversion reactions. For this reason CRBP-I becomes a critical player in accounting for the movement of and intracellular storage (outside of oil droplets) of vitamin A and its metabolites. Normally, all-trans-retinoic acid is maintained at nanomolar levels because of its potentially deleterious teratogenic influence on gene promoters (Mark et al. 2006; Pan and Baker 2007) . On a timescale of hours, organisms consume vitamin A to control gene activity and to carry on other nongenomic activities. Vitamin A circulation and recirculation rates are high in plasma, but if circulating vitamin A levels drop, as might result from an immune challenge, then rapid mobilization of vitamin A from hepatic stellate or other extrahepatic stores is required to maintain strict concentrations levels in plasma (1-2 mM; Ross and Zolfaghari 2004) . Recently it has been demonstrated that vitamin A storage levels in hepatic stellate cells was the principal determinant in vitamin A disposal rates (Cifelli et al. 2008 ).
The role of vitamin A, most notably its role as precursor to all-trans-retinoic acid, requires the cooperation of nu-merous cofactors and supporting systems, many of which are predicted to be redox sensitive; hence, the biochemical efficiency of acquiring, sequestering, storing, and transporting vitamin A should be indicative of the overall condition of the organism. Those organisms in good condition (sensu Hill 2011), which operate in a favorable environment where vitamin A stores are not limiting, should perform well. When faced with challenges such as disease or oxidative stress, these healthy organisms will be better equipped to mobilize vitamin A from its retinyl ester stores to maintain the efficient and timely processing required to neutralize the challenge. Those organisms which are otherwise less well equipped, perhaps with lower storage reserves of vitamin A, will experience lower levels of biochemical efficiency and hence a lower capacity to quickly mobilize and transport vitamin A from its stores in hepatic stellate cells to extrahepatic tissue where it is needed. We advance the hypothesis that those organisms that are most capable of sequestering, storing, and mobilizing vitamin A are also those best able to signal this condition through oxidative reactions that convert carotenoids into ornamental signals. We further hypothesize that the successful oxidation of ornamental pigments reflects the overall biochemical efficiency of the underlying vital pathways and that the oxidation is not necessarily controlled by the availability of carotenoids or vitamin A in the environment (Hill 2011) .
It has been long established that xanthophylls play a modulatory role in immunology, likely as antioxidants, but the mechanisms for such modulation remain uncertain. Furthermore, xanthophylls, at least in cells that express the asymmetric mitochondrial cleavage carotenoid oxygenase BCO2, are known to accumulate within the membranes of mitochondria. Amenugal et al. (2011b) report that carotenoids initiate pro-oxidant effects at the level of mitochondria and are deleterious under the conditions reported in BCO1 knockout and wild-type mice. Nevertheless, we propose that birds, which accumulate carotenoids in hepatic mitochondria (Mayne and Parker 1986) , may be better able to utilize carotenoids as antioxidants and potentially modulate electron transport within mitochondria. So long as carotenoids are maintained within a favorable concentration window within mitochondriawith the aid of BCO2, which appears to remove oxidized or otherwise irreversibly destroyed carotenoids-carotenoids may provide a redox benefit, especially in cooperation with active ER mitochondria-associated membranes (MAM). This is an area of carotenoid physiology that has been neglected but holds much promise for illuminating the roles of carotenoids in mediating oxidative stress.
The Vitamin A-Redox Hypothesis Applied to Cardueline Finch Feather Coloration
The above overview of the interactions between retinol, mitochondrial redox state, tissue homeostasis, and carotenoids hints at how carotenoid pigmentation in vertebrates might signal fundamental aspects of cellular functionality.
To make such a hypothesis applicable to the study of ornamental traits, a more specific hypothesis for ornamentation, vitamin A balance, and oxidative state is needed.
Here we present a hypothesis for carotenoid coloration of feathers in one family of songbirds: family Fringillidae, the cardueline finches. An exclusive focus on plumage coloration in cardueline finches allows us to avoid having to consider the many individual cases of carotenoid use across vertebrates, which cannot be accommodated in a single manuscript. The same or similar carotenoid pathways, however, will also be found not only in other families of songbirds and across class Aves, but throughout subphylum vertebrata in species with carotenoid-based coloration. Most importantly, the same basic connections between redox and vitamin A pathways that make carotenoid coloration in cardueline finches an honest signal of individual condition will occur in every animal with carotenoid-based coloration. Thus our specific model for carotenoid pigmentation in cardueline finches can serve as a general model for control of carotenoid pigmentation in animals.
The Biochemical Basis for Red and Yellow Coloration
Among cardueline finches, there are three basic mechanisms for production of carotenoid pigmentation (McGraw 2006) , which can be thought of as three tiers of ornamentation. The first tier, which involves simplest mechanism, is the deposition of the yellow dietary carotenoids lutein and zeaxanthin, unmodified, into feathers, bills, and skin. This mechanism accounts for yellow feather coloration in chaffinches and some grosbeaks (genera Mycerobas, Fringilla, Coccothraustes, Hesperiphona, and Pyrrhula; Stradi 1998; McGraw 2006) . The second tier of ornamentation involves the oxidation of dietary lutein and zeaxanthin into 3-dehydrolutein and canary xanthophyll A or B. This yellow-to-yellow carotenoid pathway produces the yellow feather coloration found in many canaries, siskins, and goldfinches as well in as some bullfinches and grosbeaks (genera Serinus, Carduelis, Pyrrhoplectes, Rhynchostruthus, and Pyrrhula; Stradi et al. 1995) . The third tier of ornamentation, involving the most complex mechanisms of production, is the oxidation of yellow dietary carotenoids into red keto-carotenoid pigments. This mechanism accounts for the red plumage of rosefinches, bullfinches, redpolls, crossbills, and some grosbeaks and siskins (genera Carpodacus, Uragus, Pyrrhula, Rhodopechys, Loxia, Carduelis, Haematospiza, and Pinocola; Stradi et al. 1996 Stradi et al. , 1997 Inouye et al. 2001) .
In every cardueline finch with red feather coloration for which the pigment composition of feathers has been quantified, the predominant red keto-carotenoid is 3-hydroxyechinenone (Stradi et al. 1996 (Stradi et al. , 1997 Stradi 1998; Inouye et al. 2001; see fig. 2 for the structure of 3-hydroxy-echinenone and other carotenoids). The 3-hydroxy-echinenone is formed from dietary b-cryptoxanthin through the ketolation of one of the two b-ionone rings. If both ionone rings are ketolated the red pigment adonirubin is formed (Stradi et al. 1996; McGraw 2006) . Because it is a more highly oxidized and conjugated carotenoid, adonirubin creates a more intense red hue than 3-hydroxy-echinenone. Adonirubin occurs in much reduced concentrations compared to 3-hydroxy-echinenone in the feathers of cardueline finches. Secondary sources of red coloration in cardueline finches are the red pigments echinenone and canthaxanthin, formed from the ketolation of one or both rings, respectively, of dietary b-carotene. Astaxanthin is formed from zeaxanthin when both end rings are ketolated (McGraw 2006) . Other songbirds use astaxanthin or canthaxanthin instead of 3-hydroxy-echinenone as their primary red feather pigment (McGraw 2006) . Our focus on cardueline finches dictates a focus on the ketolation of bcryptoxanthin to 3-hydroxy-echinenone. We will begin by presenting a cellular biochemical model for the production of red keto-carotenoids from yellow dietary pigments ( fig.  3) , and we will then consider mechanisms for less complex pathways for yellow feather pigmentation in cardueline finches.
The Vitamin A-Redox Hypothesis Applied to Red Finches
We propose that the associations between red bill, skin, and feather coloration and performance measures such as immunocompetence arise through the interdependencies of vitamin A systems, oxidative pathways, and the metabolism of dietary pro-vitamin A carotenoids by a yet-tobe-described b-carotene ketolase enzyme ( fig. 3) . The bcarotene ketolase is the enzyme that catalyzes the C4 ketolation of b-cryptoxanthin into 3-hydroxy-echinenone, a red keto-carotenoid. The key features of the mechanism that we propose is that production of red pigments for feather, bill, and skin coloration is directly linked to vitamin A homeostatic processes because the dietary pigments needed for production of red pigments for ornamentation are also vitamin A precursors. The production of red pigments will likely be sensitive to any environmental challenge that depletes vitamin A pools or that alters delicate redox balances that control the efficient operation of vital energy and redox centers. To achieve optimal performance at a cellular level, which is observable at the organismal level as characteristics such as immunocompetence, stamina, and cognition, finches must effectively regulate the uptake, storage, distribution, and use of carotenoids and vitamin A. In presenting this model, we will consider the route that carotenoid pigments take in moving from the lumen to feathers, the biochemical transformations that occur along this route, and the key mechanisms that control the pathways involved ( fig. 3 ).
Absorption and Transport of Carotenoids and Retinoids
The process leading to ornamental coloration begins with the uptake of carotenoids from ingested food in the form of micelles in the intestinal lumen into enterocytes (cells at the interface of the gut and lumen; Kotake-Nara and Nagao 2011; fig. 3 ). Efficiency of the uptake of ingested carotenoids is unmeasured in cardueline finches, but in humans it is relatively low and is variable for different carotenoids in different dietary sources (Chitchumroonchokchai et al. 2004 ). Before intestinal absorption at the lumen, esterified xanthophylls are hydrolyzed to free carotenoids, most likely by the action of the pancreatic cholesterol esterase (EC 3.1.1.13; Granado-Lorencio et al. 2006) .
Uptake of carotenoid molecules from the lumen occurs primarily by facilitated transport with limited passive diffusion (During et al. 2005; Yonekura and Nagao 2007; Kotake-Nara and Nagao 2011; Harrison 2012) . Facilitated transport of carotenoids, as well as cholesterol and other lipids, occurs at the interface of the lumen and enterocytes and is under the control of several transmembrane transport proteins. Transporters that are known to bind carotenoids in vertebrate species include protein scavenger receptor class B member 1 (SR-B1), cluster determinant 36 (CD36), and members of the ABC transporter family including ABCG5/G8 complex, which has been implicated in transporting lutein in the chicken (Kreiger 1999; Reboul et al. 2005; Herron et al. 2006; During et al. 2008) .
The important role of SR-B1 in regulating carotenoid uptake has been demonstrated in both the human retina (During and Harrison 2007) and in the guts of Drosophila (Kiefer et al. 2002) , domestic mice (van Bennekum et al. 2005; Lobo et al. 2010) , and humans ). Animals do not at all times maximize uptake of carotenoids, as has sometimes been assumed in the ecology literature (Hill 1992) ; rather, protein-facilitated transport appears to be both selective and highly regulated (Reboul et al. 2005; Nagao 2011 ). Facilitated diffusion of dietary carotenoids into enterocytes is complex and the details are only beginning to emerge (Nagao 2011) . SR-B1 appears to be primarily responsible for the uptake of carotenes, although lutein absorption by SR-B1 in humans has been The vitamin A-redox hypothesis applied to carotenoid and retinoid pathways in a cardueline finch (family Fringillidae) with red feather coloration. Carotenoid uptake from the lumen into enterocytes is controlled by the scavenger receptor B1 (SR-B1), which is regulated by local pools of vitamin A via retinoic acid (RA). Carotenoids may also enter by diffusion or be facilitated by transporters such as cluster determinant 36 (CD36), Niemann-Pick C1-like protein, as well as other yet unidentified protein transporters (Reboul and Borel 2011; Sakudoh et al. 2010) . b-carotene is cleaved within enterocytes of the gut to retinol and either stored locally as retinyl esters or packaged along with other lipids into chylomicrons for transport to the liver via the lymphatics (thoracic duct) for further processing and packaging. b-cryptoxanthin is the primary precursor for red feather pigmentation while simultaneously serving as a source for vitamin A. Dietary vitamin A is also taken up in the form of retinyl esters facilitated by phospholipase B (PLB). Vitamin A is transported to the plasma from the vitamin A pool to maintain strict plasma vitamin A levels. Depending on the state of vitamin A pools and local redox requirements, as determined by levels of reactive oxygen species (ROS), b-cryptoxanthin is either converted to the red ketocarotenoid 3-hydroxy-echinenone or cleaved by b,b-carotene-15,15 -carotenoid oxygenase (BCMO1) to retinol and 3-hydroxy-retinol, the latter likely serving as a feedback transcriptional regulator of BCMO1 and possibly the b-carotene ketolase as well. Under stressful conditions, the vitamin A-redox hypothesis predicts that 3-hydroxy-echinenone is repartitioned back into the vitamin A pool by BCMO1. When b-cryptoxanthin is converted to adonirubin or deposited within keratinizing feathers, it is irreversibly lost to the vitamin A pool. Uptake of the dietary xanthophylls lutein and zeaxanthin is also regulated by SR-B1 and potentially other uncharacterized transport proteins and may be further controlled through reverse transport into the intestinal lumen via ATP-binding cassette transporter (ABC) or SR-B1 (Reboul and Borel 2011) . Dietary xanthophylls that remain in the body are moved to carotenoid pools, primarily in the liver, from where they can be used locally as antioxidants; moved into pathways to become feather pigments; stored in adipose tissue or in small quantities in lymphocytes; diverted to biliary circulation for excretion; or cleaved by b, b-carotene-9 ,10 -oxygenase (BCO2) to be removed as waste. Through oxidation reactions catalyzed by one or more, likely two, unknown oxidoreductases (b-OxRed and -OxRed), lutein can be converted to 3-dehydrolutein or canary xanthophyll A or B. Carotenoids enter the endoplasmic reticulum from internal endomembrane systems processing incoming chylomicrons or via internal oil droplets and are processed out through the secretory pathway or to the mitochondria. The pathways taken by both red and yellow feather pigments are linked to both vitamin A homeostasis and redox systems such that feather coloration is a direct indicator of how well these systems are functioning.
reported (Reboul et al. 2005; Harrison 2012 ). In addition, SR-B1 has been demonstrated to be a bidirectional transporter moving lipids into enterocytes and reverse transporting them back into the lumen (Reboul and Borel 2011) . Other ABC transporters, such as cluster determinant 36, may play a significant role in total carotenoid absorption and reverse transport, but the overall contributions of these proteins to total carotenoid absorption remain unknown (Kotake-Nara and Nagao 2011).
Carotenoids have also been found in biliary fluids in humans (but not in rats or ferrets), so the biliary tree may constitute a recycling loop for carotenoids and retinoids between the liver and the lumen of the intestine (Leo et al. 1995;  fig. 3 ). Carotenoid absorption via deoxygenated hepatic portal venous circulation may materially affect the overall mass balance and success of absorptive processes at the level of the intestinal lumen, as was demonstrated in the extrahepatic circulation of cholesterol (Yu et al. 2002) . The importance of this route of carotenoid circulation is supported by the fact that up to 30% of circulating high-density lipoprotein (HDL) is formed via this route. In chickens, the hepatic portal vein is a significant pathway for the absorption of fatty acids from the intestines (Noyan et al. 1964 ). Earlier, Bloom et al. (1951) found that shortchain fatty acids (!C12) were preferentially carried to the liver by the portal hepatic circulation suggesting that unesterified carotenoids may also follow this route. These results support the proposition that a fraction of carotenoids may be absorbed into the hepatic circulation, but to date, carotenoid transport has not been characterized in either the biliary fluids or hepatic portal circulation of birds.
Within the enterocyte, b-carotene and b-cryptoxanthin, the major pro-vitamin A carotenoids in the diets of songbirds, are either packaged into chylomicrons (where they are assembled into lipoproteins) for transport to the liver via the lymphatic and circulatory systems or they are cleaved locally by the enzyme BCMO1 into retinal as the first step toward retinol production (von Lintig and Vogt 2000; Wyss 2004; Moise et al. 2005) . At the level of the intestine, SR-B1 and BCMO1 are subject to negative feedback by all-trans retinoic acid (Boulanger et al. 2003; Lobo et al. 2010;  fig. 3 ). By storing vitamin A esters locally, enterocytes can supply the necessary levels of vitamin A required to maintain adequate real-time retinoic acid signaling and control of membrane transporters and other systems, including localized immune responses.
The storage and bioactivation of retinoids provide communication links between the vitamin A system of the body and carotenoid uptake into enterocytes. Through such feedback control of SR-B1 and BCMO1, retinol regulates the absorption and use of carotenoids ( fig. 3) . Feedback control by retinol can originate locally in the enterocytes themselves or it can originate in the liver (Lobo et al. 2010) . Importantly for understanding the production of ornamental coloration, carotenoid absorption and cleavage is a regulated process geared toward the maintenance of both vitamin A homeostasis and beneficial levels of circulating carotenoids, not necessarily toward maximizing quantities of total carotenoids. SR-B1 facilitates not only absorption of b-carotene and b-cryptoxanthin but also the absorption of lutein and, potentially, zeaxanthin, two of the most abundant dietary carotenoids that are not vitamin A precursors (Reboul et al. 2005) . Because lutein and zeaxanthin are not pro-vitamin A, they follow a pathway that overlaps with, but is largely independent of, the pro-vitamin A dietary carotenoids ( fig. 3 ). Some carotenoids, and particularly lutein and zeaxanthin, are reverse transported back into the lumen from enterocytes via ABCA1 (Herron et al. 2006) . The active transport of carotenoids out of enterocytes and into the gut by ABC-like transporters requires ATP, so not only are there circumstances in which organisms absorb less than maximal carotenoids, there are conditions under which individuals expend energy to move absorbed carotenoids out of the body. This observation of actively exporting carotenoids back into the intestinal lumen is consistent with some recent observations of the cost of excess carotenoids (Huggins et al. 2010; Amengual et al. 2011b ), but it stands in contrast to ideas that animals always maximize carotenoid absorption as a means to maximize carotenoid pools for ornamental coloration (Hill 2002) . The activity of SR-B1, BCMO1, and ABC trans-porters are likely regulated by feedback mechanisms that are responsive to both local and systemwide states of vitamin A pools and redox systems. By our model, environmental conditions that induce stress, such as pathogen invasion, poor nutrition, extreme temperature, or exposure to toxins, will disrupt system homeostasis and affect the expression of these carotenoid-transporting proteins in enterocytes.
Genetic variation also plays a role in the uptake, cleavage, and reverse-transport of carotenoids. In studies of humans, allelic variation in SR-B1 resulted in different quantities of both pro-vitamin A and non-pro-vitamin A carotenoids in circulation , and allelic variations in BCMO1 have been correlated with decreased intestinal b-carotene conversion (Leung et al. 2009 ) as well as varying levels of circulating b-carotene, zeaxanthin, and lutein (Ferrucci et al. 2009; Lietz et al. 2012) . Moreover, allelic variation in the ATP-binding cassette ABCG5 affected levels of both lutein and cholesterol in circulation (Herron et al. 2006) . Other allelic variations in lipid transport proteins such as those that occur in ABCA1 can have associated impacts on cotransporters such as lipoproteins that carry carotenoids (Attie 2007) . The implications of these human studies are that genetic variation can directly affect animal coloration through actions on carotenoid uptake, storage, transport, and cleavage mechanisms.
Pro-vitamin A carotenoids that are not cleaved are packaged into chylomicrons along with other nonpolar molecules for further processing in the liver . Alternatively, they may be reverse transported back into the lumen by ABC transporters, but no studies to date have assessed the reverse processing of pro-vitamin A carotenoids, which may be a significant route only under rare conditions of hypervitaminosis A. We do not include reverse transport of pro-vitamin A carotenoids in figure  3 or figure 4 . In the liver, carotenoids accumulate in oil droplets in hepatocytes (Blomhoff 1994; Cooper 1997) , and pro-vitamin A carotenoids are transported to hepatic stellate cells, where further retinol production and storage occurs (Shmarakov et al. 2010; von Lintig 2010) . Hepatocytes are the primary site of accessible carotenoid storage in vertebrates including songbirds, but pigment profiles of carotenoid oil droplets in either hepatocytes or stellate cells are lacking. Storage of xanthophylls versus pro-vitamin A across liver cell types remains to be characterized. Because BCMO1 has been found to be more active in hepatic stellate cells, it is presumed that pro-vitamin A carotenoids would be preferentially stored in stellate oil droplets.
Carotenoid Metabolism
In red cardueline finches, most b-carotene is presumably cleaved in enterocytes into retinol, leaving primarily bcryptoxanthin, lutein, and zeaxanthin as intact carotenoids. These pigments follow one of two pathways ( fig. 3) . b-cryptoxanthin is oxidized into the red pigment 3-hydroxy-echinenone (approximately 85%) or adonirubin (3-hydroxy-b,b-carotene-4,4 -dione; approximately 15%; Inouye et al. 2001 ) by a b-carotene ketolase as follows:
Oxidation to 3-hydroxy-echinenone does not irreversibly remove these carotenoids from the vitamin A pool because 3-hydroxy-echinenone remains a pro-vitamin A carotenoid. In contrast, further oxidation of 3-hydroxyechinenone to adonirubin irreversibly removes it from the vitamin A pool (fig. 3) .
In vertebrates, the b-carotene ketolase remains uncharacterized (Pointer et al. 2012) , so the site of keto-carotenoid formation is unknown. Evidence suggests that the primary site of ketolation in songbirds is the liver (del Val et al. 2009a (del Val et al. , 2009b . The vitamin A-redox hypothesis predicts that avian ketolase should operate within the cell in a highly regulated biochemical environment under strict redox control. The location of the ketolase should coincide with a preexisting pathway through the cell that includes the transport of other similar lipids such as cholesterol and fats.
The vitamin A-redox hypothesis predicts that under low-stress and high-energy conditions the ketolase will be active. Under such conditions, vitamin A processes should be operating in an efficient manner providing the necessary control over multitissue high-energy genomic and redox systems. In such favorable conditions, b-cryptoxanthin is oxidized to 3-hydroxy-echinenone for feather pigmentation and b-carotene and some b-cryptoxanthin molecules are mobilized into vitamin A stores. Under conditions of stress, vitamin A stores (retinyl esters within stellate cells) are expected to be mobilized, and the bcarotene ketolase is predicted to be downregulated. Under such circumstances, the body turns to depleting retinol pools and sequestering incoming dietary retinol and provitamin A carotenoids to maintain cellular function. If retinol stores are depleted by chronic stressful conditions, the survival of the organism becomes threatened. This hypothesized mechanism links the redness of feather coloration directly to vitamin A regulation and ROS levels and makes feather redness a reflection of how well vital cellular processes are proceeding.
It is interesting to speculate that both 3-hydroxy-retinol and 4-keto-3-hydroxy-retinol may serve as feedback regulators on the activity of the b-carotene ketolase and BCMO1 ( fig. 3) . By ketolating the oxygenated ring of bcryptoxanthin and using 3-hydroxy-echinenone to color their feathers, male cardueline finches retain flexibility in vitamin A production that is lost by birds that use other The vitamin A-redox hypothesis applied to carotenoid and retinoid pathways in a cardueline finch (family Fringillidae) with yellow feather coloration. The proposed mechanisms within these pathways are similar to those shown in figure 3 , except all pro-vitamin A carotenoids are available for conversion to vitamin A by b,b-carotene-15,15 -carotenoid oxygenase (BCMO1). The unknown oxidoreductases (b-OxRed and -OxRed) that convert lutein and zeaxanthin to 3-dehydrolutein, canary xanthophyll A, and canary xanthophyll B are proposed to be under redox control and are expected to be sensitive to local production of reactive oxygen species (ROS). Whether there is direct competition for carotenoid pigments for use as antioxidants, in lymphocytes, or for some other supportive functions versus use of pigments for ornamentation remains to be demonstrated.
keto-carotenoids such as astaxanthin or canthaxanthin, which cannot be reconverted into vitamin A. The cleaving of 3-hydroxy-echinenone to produce vitamin A should occur only with a concomitant need for offsetting potential decreases in vitamin A storage and for the maintenance of plasma vitamin A. To date, the status of vitamin A stores within stellate cells has not been investigated in stresschallenged birds. Our hypothesis predicts that these stores will be depleted rather quickly (over days).
In red finches, lutein and zeaxanthin, which are the common dietary carotenoids that are not provitamin A, follow a second set of metabolic pathways ( fig. 3) . They are either moved into carotenoid storage pools in hepatocytes in the liver, mobilized to mitochondria where they can become oxidized and destroyed, or they are dehydrogenated into 3-dehydrolutein, canary xanthophyll B, and canary xanthophyll A as follows:
The enzyme responsible for the oxidation of these xanthophylls remains unidentified; hence, they are labeledor b-OxRed indicating unknown oxidoreductases specific to the epsilon or beta ring oxidations. The location of the -OxRed in the liver would explain why 3-dehydrolutein is observed in plasma circulation in birds (Khachik et al. 2002; McGraw and Schuetz 2004) .
The b-OxRed, in contrast, is proposed to oxidize bionone rings to form 3-dehydrolutein and canary xanthophyll B from zeaxanthin and canary xanthophyll A and B from lutein and 3-dehydrolutein. The b-OxRed may reside in the feather follicles (McGraw 2004) to which 3-dehydrolutein as well as lutein and zeaxanthin is transported through circulation ( figs. 3, 4) . If b-OxRed occurs at the site of pigment deposition in the feather follicles, it would explain why canary xanthophylls are rarely detected in circulation (McGraw et al. 2005) . Beyond precursors and products, all of these pathways are speculative. The identities of the oxidoreductase(s) and their location(s) remain to be definitely demonstrated in birds.
Uses of Xanthophylls
The yellow pigments in the bodies of finches-zeaxanthin, lutein, 3-dehydrolutein, and canary xanthophylls A and B-appear to be used as (1) feather pigments, (2) antioxidants in various tissues such as retina, or (3) as antioxidants in lymphocytes. Based on studies of retinal tissue (Chucair et al. 2007 ) and the preferential expression of BCO2 within mitochondria (Lobo et al. 2012) , the primary redox support of xanthophylls appears to be the quenching of intracellular ROS, particularly in the environment of the endoplasmic reticulum associated with mitochondria (MAM) and, as proposed earlier, serving as antioxidants within the mitochondria. Although Amengual et al. (2011b) have demonstrated that xanthophylls can be deleterious to mitochondria in laboratory mice, we believe that these results are a consequence of high concentrations of carotenoids involved in this study, which may interfere with mitochondria redox reactions. In addition, canary xanthophylls are excellent Michael addition acceptors, which are known to deplete glutathione stores in mitochondria (Rao et al. 1988; Schlosser et al. 1990; Nagi and Almakki 2009 ). We propose that at lower concentrations, xanthophylls may provide a yet uncharacterized benefit in the mitochondria of vertebrates such as reptiles and birds.
Smaller quantities of lutein and zeaxanthin are deposited in oil droplets within lymphocytes (Puppels et al. 1993; Ramanauskaite et al. 1997; Schut et al. 1997) , where they presumably act as antioxidants during immune activities that generate ROS. The quantities of carotenoids that are deposited in lymphocytes and whether such deposition involves primarily lutein and zeaxanthin or also pro-vitamin A carotenoids remains to be determined. b-carotene has, however, been shown to be taken up by lymphocytes in vitro, which may indicate a pro-vitamin A role of this carotenoid within immune cells (Schut et al. 1997) . Moreover, ROS produced in the mitochondria as well as retinoids can also affect the proliferation and activity of lymphocytes (Iwata et al. 2003; Ertesvag et al. 2007; Li and Li 2007; Chiu et al. 2008; Maruya et al. 2011) , so the effects of carotenoids on lymphocytes can potentially originate either directly from activity of internally deposited carotenoids or indirectly from the effects of carotenoids on vitamin A pools and redox systems (Ruhl 2007; figs. 3, 4) .
Three Tiers of Ornament Elaboration
Considering all of these uses for and interactions among pro-vitamin A carotenoids and carotenoids that are not pro-vitamin A (xanthophylls) and bearing in mind the distinction between pathways that produce red pigments versus pathways that produce yellow pigments, we can speculate about the significance of a three-tier ornamentation scheme in red cardueline finches. This three-tier scheme is primarily an empirical observation, but we can interpret this hierarchy of ornamentation from the perspective of the vitamin A-redox hypothesis.
The highest tier of ornamentation involves the pathways by which the ketolase converts b-cryptoxanthin to red keto-carotenoids. These are the pathways that are essential for male finches to produce red feather pigments and maximum ornamentation, but they are the pathways that are most sensitive to redox perturbations that disrupt retinol storage and transport or intracellular redox balance, either locally or throughout the body. The oxidation of carotenoids to C4 ketolated products may take one of two routes. The first route is hydroxylation of canary xanthophylls that have undergone keto-enol isomerization, followed by C4 hydroxylation and the production of C4 ketolated products (e.g., astaxanthin from canary xanthophyll B). However, the absence of canary xanthophylls in plasma circulation is an argument against this biosynthesis route. The second route would proceed by double hydroxylation of the b-cryptoxanthin directly at the C4 position, which would then spontaneously dehydrate to the ketolated product.
The second tier-oxidation of zeaxanthin and luteinbecomes apparent when the ketolase is downregulated either directly or indirectly by redox or vitamin A imbalance. With downregulation of the ketolase, the oxidation systems responsible for the production of canary xanthophylls become apparent. Whether the systems for producing canary xanthophylls are actually activated in concert with downregulation of the ketolase or are simply revealed with loss of ketolated carotenoids remains to be determined. The redox changes that cause the loss of ketolase activity may create conditions for the production of canary xanthophylls. For instance, there may be upregulation of a specific SR-B1 scavenger protein on the cell surface of feather germs where canary xanthophylls are predicted to be synthesized. The lowest tier of ornamentation is the deposition of dietary lutein or zeaxanthin unmodified into feathers, which results in drab yellow plumage. This lowest tier should occur if the bird is subject to chronic or severe stress that disrupts oxidative balance and disrupts the production of canary xanthophylls (-and b-OxRed).
If we are correct in our interpretation, this tiered response reflects the interdependencies of vitamin A homeostasis, oxidative state, and ketolase activity. In this way, feather coloration of red cardueline finches, and in particular the hue of the red feathers, is a precise reflection of the redox and vitamin A state of an individual bird during molt. In this way, coloration is an honest signal of the functionality of biochemical systems that are essential to body function. For animals, there may be no better signal of individual condition in the true sense of functionality of vital cellular processes than keto-carotenoids deposited in the integument.
The Vitamin A-Redox Hypothesis Applied to Yellow Finches
The majority of cardueline finches are yellow, never depositing keto-carotenoids in their feathers, and the mechanisms by which most cardueline finches produce yellow feather coloration ( fig. 4 ) are essentially the same as the second-and third-tier mechanisms described above for red species. In yellow cardueline finches, b-cryptoxanthin and b-carotene are not used as feather pigments or pigment precursors; they are cleaved into vitamin A, rejected at the level of the enterocyte via ABC transporters, or excreted from hepatic stores via BCO2 cleavage or other phase I and II transport systems (Mein et al. 2011) . For species of cardueline finches that use canary xanthophylls as their primary feather pigments, the non-pro-vitamin A carotenoids-lutein and zeaxanthin-are oxidized into 3-dehydrolutein and canary xanthophyll A and B (McGraw et al. 2001 ), as described above. In species that use unmodified dietary lutein and zeaxanthin, these dietary pigments are simply moved to feather follicles. Some of the key interactions between pigmentation, vitamin A homeostasis, and oxidative state are lacking in the color-producing mechanisms of yellow finches compared to red finches (fig. 4) . Nevertheless, vitamin A still regulates many core pathways, including control over carotenoid uptake and transport. Vitamin A also plays a role as an antioxidant and in mitochondrial maintenance (Chiu et al. 2008) , serving to preserve mitochondrial membrane redox potential, thereby assisting in redox maintenance. All pro-vitamin A carotenoids, however, are available for vitamin A pools. Environmental perturbations can impact the production of yellow coloration at a number of levels, including effects on carotenoid uptake via SR-B1 or reverse transport via ABC transporters in the gut as well as downregulation of the unknown OxRed enzymes for those species that use canary xanthophylls A and B. Understanding how the differences in connectivity between vitamin A processes, oxidative state, and carotenoid pathways between red and yellow bird species translate into differences in the signal content of their color displays will require more detailed understanding of the biochemical processes involved in each pigment strategy as well as experimental studies that directly test for the costs and trade-offs involved in the different pigment systems.
Discussion
Based on an expansive biochemical and biomedical literature, we propose that mechanisms of carotenoid pigmentation are linked to vitamin A homeostasis and oxidative state through the pathways by which pro-vitamin A carotenoids are converted to vitamin A, through the regulation of carotenoid uptake and reverse transport at the gut and through the mediation of redox balance via vitamin A and carotenoids homeostasis. The vitamin A connections that we highlight in this article are essential missing elements to all current models of the signal function of carotenoid coloration (reviewed in Hill and McGraw 2006) . The only previous mention of vitamin A within the context of carotenoid coloration of vertebrates was a study in which circulating vitamin A was positively correlated with carotenoid-based bill coloration of breeding spotless starlings (Sturnus unicolor; Navarro et al. 2010) . In this article on starlings, the mechanisms by which vitamin A might relate to bill coloration were not explained.
In the literature focused on how carotenoid-based coloration functions as a signal, there is a nearly universal assumption that signal honesty is maintained by resource limitation and allocation trade-offs (Andersson 1994; Loz-ano 1994; Hill 2006; reviewed in Svensson and Wong 2011) . With regard to carotenoid coloration, the limiting resource is typically proposed to be carotenoid pigments (Hill 2006) . In this literature, the challenge of acquiring full ornamental pigmentation was first attributed to an overall scarcity of carotenoids in the diets of ornamented animals and the difficulty of accruing sufficient carotenoids to fully pigment integumentary structures (Endler 1983; Hill 1992) . In more recent literature, the key limitation of color production is more often proposed to result from trade-offs between allocation of carotenoids for deposition as colorants versus use of carotenoids as free radical scavengers in the control of oxidative stress (Lozano 1994; Peters et al. 2011) . A few researchers proposed that carotenoids are not typically limiting in the diets of vertebrates and that physiological constraints keep some birds from fully expressing coloration (Hudon 1994; Bortolotti et al. 1996; Thompson et al. 1997) . Without specific mechanisms for how physiological processes limit coloration (but see von Schantz et al. 1999) , the focus has remained on resource limitation and resource trade-offs (Rowe and Houle 1996) .
Here, we provide a detailed mechanism for control of ornamental carotenoid coloration by which coloration directly reflects the functionality of vital cellular processes. In this model, the honesty of the signal arises from the inexorable connection between the pathways that produce red carotenoid pigments and the pathways that maintain vitamin A and cellular redox homeostasis; in other words, biochemistry of carotenoid pigmentation supports the shared pathway hypothesis (Hill 2011) . Inadequate intake of dietary pigments and trade-offs in the allocation of pigments for maintenance versus ornamentation may, in some cases, play important roles in limiting ornament production, for instance, for young and inexperienced birds who forage poorly ), but according to our model we would not expect resource limitation to be the primary mechanism maintaining signal honesty. In species with red coloration produced by ketocarotenoids derived from yellow dietary pigments, production of ornamental carotenoid coloration can occur only when vitamin A and redox pathways are in balance. In our view, ornamental coloration does not materially compete with cellular processes for resources-it directly reflects how well such cellular processes are functioning.
Our vitamin A-redox hypothesis accommodates the observations that magnitude of infection by parasites (Brawner et al. 2000; McGraw and Hill 2000; Hill et al. 2004 ) and quality of nutrition (Hill and Montgomerie 1994; Hill 2000; McGraw et al. 2005) at the time of molt affect the carotenoid coloration produced by male finches. Perturbations such as poor nutrition, parasites, immunostimulation, temperature stress, captivity, low social status, and other components of somatic state are expected to reduce the condition of an individual (Hill 2011) , thereby upsetting the processes that maintain vitamin A homeostasis and redox state. The genotype and epigenetic state of an organism can likewise affect condition and hence the processes of feather pigmentation (Hill 2011) . Any deviation from normal redox levels or any depletion of vitamin A pools should lead to a reduction in feather pigmentation. Based on our model, we propose that physiological state is ultimately what is being signaled through pigmentation.
There has been special interest among ecologists regarding possible connections between carotenoid access and immunocompetence. In particular, it has been proposed that there is a direct trade-off between use of carotenoids to enhance immune defense and allocation of carotenoids to integumentary structures for ornamentation (the pigment allocation hypothesis; Lozano 1994). Studies of several bird species have demonstrated associations between either carotenoid supplementation and immunocompetence or stimulation of the immune system and carotenoid ornamentation (reviewed in Horak et al. 2007; McGraw et al. 2011; Sepp et al. 2011) . Given that lymphocytes carry carotenoid stores (Puppels et al. 1993; Ramanauskaite et al. 1997) presumably to aid in immune defense, there is the potential for a direct trade-off between allocation of carotenoids to lymphocytes versus ornamentation. However, the amount of carotenoids allocated to lymphocytes is likely to be very small compared to the quantities allocated to ornaments and other vital cellular processes. We propose, therefore, that the observed effects of carotenoids on the immune system as well as the effects of immuno-stimulation on carotenoid ornamentation are consequences of the interdependencies of carotenoid pathways, vitamin A homeostasis, and the redox state of the organism rather than a consequence of allocation tradeoffs of carotenoid resources. According to our vitamin Aredox hypothesis, production of maximal ornamentation as well as maintenance of an effective immune system both depend on highly functional redox and vitamin A systems.
A fundamental problem with current empirical support for the resource trade-off hypothesis with respect to carotenoid pigmentation is that experiments purporting to demonstrate trade-offs in allocation of carotenoid resources (reviewed in McGraw et al. 2010) , though on the surface compelling, do not show that a true trade-off is involved. As outlined in this article, there exist numerous potential physiological complexities in the interactions of the immune system, redox state, vitamin A systems, and carotenoid pigment pathways that have not been considered in tests of carotenoid resource allocation. For example, according to the resource trade-off hypothesis, the decrease in ornament production brought about by an immunological challenge is the direct result of proportioning carotenoid resources toward immunological and antioxidant functions and away from ornamentation. Experiments of this type typically demonstrate the loss of color in response to an immune challenge, and authors attribute the loss in coloration to reallocation of carotenoids. However, an alternative interpretation for loss of color following an immune challenge is that the treatment affected vitamin A homeostasis or components of the mechanisms by which carotenoids are utilized including uptake, transport, metabolism, or deposition (as illustrated in figs. 3, 4) . Allocation trade-offs may occur at local cellular and subcellular levels, but this type of local resource partitioning is not what is tested in experiments or hypothesized in the current literature on carotenoid coloration. Ultimately, demonstration of resource trade-off will require the coupling of observed loss of coloration with material loss of pigment for ornamentation equal to a gain in immunological cells such as lymphocytes or macrophages.
The vitamin A-redox hypothesis and the resource allocation hypothesis are not necessarily mutually exclusive; both could be correct explanations for the link between carotenoid ornamentation and individual condition for the same ornamental traits in the same species of birds but in different contexts. For instance, in environments in which pro-and/or nonvitamin A carotenoids are particularly scarce or for individual birds that forage poorly and consume few carotenoids, resource trade-offs might play a role in ornament production. In environments in which adequate carotenoids are available, resource tradeoffs may play no role in ornamentation. It may prove, however, that carotenoid pigments are rarely limiting in the natural diets of vertebrates (Hudon 1994) and hence that resource trade-offs are rarely a factor in carotenoid signaling. Carefully designed experiments will be required to distinguish between the resource allocation hypothesis and the vitamin A-redox hypothesis. The most fundamental test to distinguish these hypotheses is to provide abundant precursor carotenoids (e.g., b-cryptoxanthin) to males of a red cardueline finch species during molt and then to subject the birds to stress such as captivity. The resource allocation hypothesis predicts full pigmentation if resources remain abundant. The vitamin A-redox hypothesis predicts reduced coloration regardless of pigment resources because of disruptions to the vitamin A and redox balance as a result of stress. In addition, the vitamin A-redox hypothesis predicts that any stress challenge that leads to a loss of stored vitamin A reserves should have a negative impact on ornamentation.
Our model, for the first time, presents an explanation for why different bird species use different red ketocarotenoids to pigment their feathers. The primary pigment strategy of cardueline finches and some other red songbirds is to produce 3-hydroxy-echinenone from bcryptoxanthin. Other bird species produce their primary red pigments by oxidizing lutein or zeaxanthin to a-doradexanthin and astaxanthin, respectively, or b-carotene to canthaxanthin or b-cryptoxanthin to adonirubin (McGraw 2006) . The oxidation of b-cryptoxanthin to 3-hydroxy-echinenone involves the ketolation of only one of two b-ionone rings and produces the only red ketocarotenoid found in birds that retains pro-vitamin A activity. All other keto-carotenoids that are used as feather colorants produce a more saturated red pigment than 3-hydroxy-echinenone because they are more highly oxidized carotenoid molecules and hence are irrevocably lost from the vitamin A pool once they are produced. Species that use 3-hydroxy-echinenone as their primary red feather pigments retain flexibility in augmentation of their vitamin A pool from red pigments. Given such flexibility, species that use 3-hydroxy-echinenone should be more adaptable and better able to deal with environmental perturbations than species that irreversibly create pigments with no vitamin A activity. Such species should also have more variable expression of plumage coloration than species that use keto-carotenoids that are not vitamin A precursors.
Our biochemical model leaves the basis for honest signaling in species with yellow pigmentation of integumentary structures somewhat unresolved. The pathways involved with uptake, transport, and deposition of both dietary carotenoids and canary xanthophylls A and B are certainly sensitive to oxidative state. Moreover, vitamin A mechanisms regulate the uptake, reverse transport, and circulating levels of carotenoids. Production of canary xanthophyll A and B via oxidation of dietary pigments is also likely to be subject to catalytic control and/or negative feedback from ROS. Thus, there is the potential for yellow feather coloration to primarily signal redox state and vitamin A equilibrium but with different interdependencies than for ketolase-derived coloration.
The coloration of species that use unmodified dietary pigments as plumage colorants has the most direct link to dietary absorption and distribution of carotenoid pigments. Studies on great tits (Parus major) have shown convincingly that changes in dietary lutein across environments leads to population-wide changes in feather coloration (Slagsvold and Lifjeld 1985; Partali et al. 1987; Isaksson 2009 ). These observations suggest that access to carotenoids is a key component to color production in some species that use unmodified pigments. Even in species using unmodified dietary pigments, however, pigmentation is linked to key cellular processes via control, distribution, and elimination of carotenoids by vitamin A, the homeostasis of which is reflected in the overall energy and redox state of the organism.
We present our models for regulation of carotenoid pigmentation as a starting point for a more complete understanding of the evolution and function of carotenoid coloration in vertebrates. Virtually all of the specific pathways and mechanisms that we propose remain to be demonstrated in vertebrates with ornamental coloration, but animals with ornamental coloration must uptake, transport, metabolize, eliminate, and deposit carotenoids. Several studies in recent years have shown connections between coloration of vertebrates, carotenoid access, and oxidative state, but this literature has presented perplexing patterns that sometimes appear contradictory (Cohen and McGraw 2009; Costantini et al. 2010; Svensson and Wong 2011) . We anticipate that some of these previously inexplicable patterns will begin to make sense as biologists include vitamin A pathways in their studies, more carefully consider the fundamental differences between carotenoids that are vitamin A precursors and those that are not, and appreciate the different interdependencies of retinoids, carotenoids, and oxidative state that are involved with different forms of ornamental coloration. Ultimately, a better understanding of the biochemical and cellular mechanisms involved with pigment utilization will be needed before the basis for honest signaling via carotenoid coloration can be fully comprehended.
